The efficacy of higher-temperature gettering processes in reducing precipitated iron concentrations is assessed by synchrotron-based micro-X-ray fluorescence. By measuring the same grain boundary before and after phosphorus diffusion in a set of wafers from adjacent ingot heights, the reduction in size of individual precipitates is measured as a function of gettering temperature in samples from the top of an ingot intentionally contaminated with iron in the melt. Compared to a baseline 820 C phosphorus diffusion, 870
The efficacy of higher-temperature gettering processes in reducing precipitated iron concentrations is assessed by synchrotron-based micro-X-ray fluorescence. By measuring the same grain boundary before and after phosphorus diffusion in a set of wafers from adjacent ingot heights, the reduction in size of individual precipitates is measured as a function of gettering temperature in samples from the top of an ingot intentionally contaminated with iron in the melt. Compared to a baseline 820 C phosphorus diffusion, 870
C and 920 C diffusions result in a larger reduction in iron-silicide precipitate size. Minority carrier lifetimes measured on wafers from the same ingot heights processed with the same treatments show that the greater reduction in precipitated metals is associated with a strong increase in lifetime. In a sample contaminated with both copper and iron in the melt, significant iron gettering and complete dissolution of detectable copper precipitates is observed despite the higher total metal concentration. Finally, a homogenization pre-anneal in N 2 at 920 C followed by an 820 C phosphorus diffusion produces precipitate size reductions and lifetimes similar to an 870 C phosphorus diffusion without lowering the emitter sheet resistance. In a traditional silicon solar cell process, the majority of the high-purity silicon feedstock starting material is discarded after crystal growth: during cropping to remove highly contaminated regions and during wafering due to kerf loss. This loss of cost-and energy-intensive silicon adds significantly to the subsequent cost of solar power. 1, 2 At the same time, there is a strong push in the industry to higher efficiencies, making a significant fraction of cells produced today that end up in the bottom tail of the distribution unacceptable because of high impurity concentrations. 3 One path to achieve tighter solar cell efficiency distributions with higher average values, while also achieving better silicon utilization, is to recover high carrier lifetimes in previously unusable wafers or wafers that would otherwise turn into unsalable cells.
To quantify the metal impurity problem, several benchmark studies have updated the specifications of tolerance limits of metal impurities in a standard silicon solar cell process. 4, 5 The defect concentration limits extracted (e.g., 2-5 ppma Fe in the feedstock) are similar to the landmark Westinghouse study of impurities in silicon solar cells, 6 in large part because even as solar cell processing and architectures have advanced, so have efficiency targets. The end result is the same despite improved processing: even in ingots cast using electronic-grade silicon, solar cells from the tops of ingots have unacceptably low efficiencies due in part to high metal concentrations that exceed the specified limits. 4, 5 In addition to the tops of ingots, wafers from the "red zone" near the crucible wall typically exceed "allowable" impurity specifications. 7 Novel processing schemes are needed to achieve high efficiencies in such wafers. One recently developed technique, low-temperature annealing (LTA), has been shown by a number of authors to reduce metal point defect concentrations, particularly iron, and improve lifetime in border region materials. [8] [9] [10] [11] [12] However, lifetimes after LTA often remain too low to meet today's efficiency requirements. LTA has limited effectiveness in part because precipitated metals remain inside the bulk. 13 In the bulk, precipitates can affect lifetime directly due to recombination at their surfaces 14, 15 or can redissolve during metallization firing, poisoning the bulk. [16] [17] [18] An alternative path to reduce the impact of metal impurities is to use higher-temperature processes. 19 By increasing bulk solubility and speeding diffusion to near-surface gettering layers, higher-temperature diffusions are expected to improve the extraction of metals from the bulk, including deleterious iron. To date, experiments seeking lifetime improvements via high-temperature diffusions have seen mixed results. For example, Peters et al., 20 Ballif et al., 21 and Macdonald et al. 22 observed lifetime degradation after higher-temperature diffusions in a variety of silicon materials. In contrast, recent investigations by Osinniy et al. 23 showed lifetime improvement in solar-grade silicon after variable-temperature diffusion like the temperature profile recommended by Plekhanov et al., 19 supporting the hypothesis of improved impurity gettering indirectly through lifetime measurements. Similarly, Sch€ on et al. 24 used a hightemperature pre-annealing in N 2 before phosphorus diffusion a)
The first two authors contributed equally to this work. Electronic addresses: dfenning@alum.mit.edu and buonassisi@mit.edu. c) to improve lifetime. On the other hand, without showing lifetime improvement, Macdonald et al. 25 recently used micro-X-ray fluorescence (l-XRF) measurements to determine that the percentage of surface area covered by iron-rich precipitates was lower after higher-temperature processing in wafers originating from the bottom of a cast ingot. While millimeter-sized areas were sampled, the collection of grain boundaries investigated in each sample differed as samples from adjacent ingot heights, i.e., with the same grain structure, were not used.
In this contribution, we show direct evidence from synchrotron-based l-XRF measurements that the precipitated iron concentration decreases significantly after highertemperature phosphorus diffusion, using measurements of the same precipitates before and after phosphorus diffusion to draw conclusions. We then directly relate this decrease in precipitated metals to a marked improvement in bulk carrier lifetime in multicrystalline silicon contaminated with iron.
II. MATERIALS AND METHODS
To determine the impact of gettering process conditions on metal precipitate distribution, we use l-XRF measurements to characterize the metal distribution along the same $20 lm length of a selected grain boundary (GB) before and after phosphorus diffusion gettering (PDG) in a set of sister samples (samples from adjacent ingot heights). The phosphorus diffusion temperature profile was varied for each sister to investigate the effect of the gettering temperature.
A. Wafer and region of interest selection Full 15.6 Â 15.6 cm 2 wafers were selected from approximately 92% ($177 mm) ingot height from two ingots grown as part of the German SolarFocus project: one intentionally contaminated in the melt with 20 ppma Fe, and the other with 20 ppma Fe and 20 ppma Cu. Neutron activation analysis of the total impurity concentrations within these ingots as a function of ingot height can be found in Riepe et al. 4 From this data, the Fe concentration in these wafers is estimated to be on the order of 10 15 atoms/cm 3 . In the FeþCu contaminated samples, the Cu concentration should be on the order of $5 Â 10 16 atoms/cm 3 , while the unintentional Cu concentration in the intentionally only Fe-contaminated samples should be $3 Â 10 14 atoms/cm 3 . To focus on the impact of the intentional metal contamination and avoid the influence from impurity in-diffusion from the crucible wall, a stack of 5 Â 5 cm 2 sister samples were cut from the full wafers from the region close to the center of the laboratory-scale ingot.
Electron-beam induced current and electron backscatter diffraction (not shown) were measured on one sister sample to select a recombination-active, random-angle GB for l-XRF investigation. This same GB was investigated in all samples except the sample that underwent a 920 C POCl 3 diffusion. In that sample, we investigated a second comparable, recombination-active, random-angle GB that was 2.5 cm from the GB of the other samples because no additional sister samples were available. Before as-grown (AG) l-XRF measurement, the samples were etched with an acidic saw-damage etch followed by a cleaning sequence of hydrochloric acid (HCl) and hydrofluoric acid (HF).
B. Synchrotron-based l-XRF measurement details
The l-XRF measurements were conducted at Beamline 2-ID-D at the Advanced Photon Source at Argonne National Laboratory. 26 A 200 nm full-width half-maximum, 10 keV beam was used to map the sample using 220 nm steps, with a 1 s dwell time per pixel. NIST standard reference materials 1832 and 1833 were used to convert fluorescence counts into area concentrations.
To reveal the impact of the gettering step on the metal precipitate distribution, different phosphorus diffusions were conducted on the sister samples following synchrotron measurement of the as-grown metal distribution.
Three diffusions on the Fe-contaminated synchrotron samples used an extended drive-in step and varied in peak temperature only: at 820, 870, and 920 C. Total plateau time at process temperature was 76 min. The fourth Fe-contaminated synchrotron sample was first annealed in N 2 at 920 C before the temperature was lowered to 820 C for phosphorus diffusion and a standard drive-in (54 min total plateau time), inspired by lifetime improvements shown previously using pre-annealing. 18, 24 Additionally, one FeþCu-contaminated sample was investigated at the synchrotron. It was processed using the 870 C phosphorus diffusion with extended drive-in, which gave the highest lifetimes after the extended gettering. All samples were pulled from the diffusion furnace at 820 C, and the cooling rate to 820 C for the higher-temperature processes was $6 C/min. The four different phosphorus diffusion time-temperature profiles used are shown schematically in Figure 1 .
Before high-temperature treatment, the synchrotron samples were cleaned again by a sequence of HCl and HF. Following the phosphorus diffusion, the phosphorus glass was removed from the surface of the sample by dipping in HF, but the phosphorus-diffused emitter was left on the sample to compare precipitates near to the surface that were observed in the as-grown l-XRF measurements. The resulting sheet resistance of each process was measured on an additional boron-doped p-type Czochralski (Cz) monocrystalline wafer (1-3 X-cm resistivity) included in the diffusion for that purpose. C. In addition, one sample was included that had a pre-anneal at 920
C, but the phosphorus diffusion was carried out at 820 C.
The samples were returned to the synchrotron to remeasure the metal distributions after phosphorus diffusion using identical experimental conditions to the as-grown measurements. Test samples produced by e-beam lithography containing metallic copper dots down to 8 nm in radius 27 were measured at the start of both synchrotron runs to verify that XRF sensitivity was indeed similar between runs.
C. Carrier lifetime measurements
Microwave photoconductance decay (l-PCD) lifetime measurements were performed using a Semilab WT-2000 on a neighboring stack of 5 Â 5 cm 2 sister samples (also unaffected by the crucible wall) to evaluate the impact of processing on high metal contamination levels.
Two sister wafers in the stack were measured as-grown. These as-grown lifetime samples were prepared using the same saw-damage etch and HCl and HF sequence as above. The remaining sisters in the stack, corresponding to the same heights as the synchrotron samples, were phosphorus diffused after saw-damage etch and HCl and HF cleaning according to the same profiles as described above (see Figure 1 ). These sister wafers, from lower ingot height to higher (centered around 92% ingot height), were assigned to the 820, 870, 920, and 920 C/820 C processes, respectively. Post-diffusion lifetime measurements were performed after etching back approximately 5-10 lm per side to remove the emitter using a fresh damage etch solution, followed by the same HCl, HF sequence before lifetime measurement.
All lifetime measurements reported here used a solution of iodine ethanol (I-E) to passivate the sample surfaces. To ensure comparability, all samples were additionally cleaned by piranha etch followed by an HF dip, and measured immediately following exposure to the I-E. 28 
III. RESULTS

A. Fe-contaminated synchrotron samples
The resulting iron concentration distribution maps from l-XRF measurement of the Fe contaminated samples are shown in Figure 2 according to the phosphorus-diffusion treatment that was applied to the sample. All maps in Figure 2 are shown on the same logarithmic iron concentration scale to allow for direct comparison. We did not observe a significant amount of other metals by l-XRF in the Fe-contaminated samples.
Precipitates-the highly localized, high-concentration agglomerations of iron in the l-XRF maps-are seen in high density both before and after phosphorus diffusion. Many of the larger precipitates (e.g., those numbered for the 920 C PDG sample) are readily identifiable as the same precipitate before and after phosphorus diffusion, indicating that even the highest temperature phosphorus diffusion here (920 C) does not fully dissolve the largest precipitates. On the other hand, close inspection of the maps reveals that in each sample, a number of precipitates observed in the as-grown sample are not observed after phosphorus diffusion (e.g., those in bottom left and top left of 920 C PDG sample). The disappearance of some precipitates signifies their dissolution-at least to levels below the detection limit of the measurement (estimated to be 5 Â 10 4 atoms/precipitate). Thus, the extended, high-temperature phosphorus diffusion gettering steps appear to fully dissolve some precipitates while the largest remain.
Inspection of linescans of the as-grown maps (not shown) reveals that the background level increases in the regions immediately surrounding precipitates. In addition, the 920 C PDG sample has the largest as-grown precipitates and also the highest background level. While some contribution to the background is attributable to impurities in the detector and scattering off instruments in the beamline hutch, the relationship between the presence of large precipitates and a higher background level suggests the background is also indicative of the presence of high iron concentration in the sample. Thus, a decrease in background level after phosphorus diffusion indicates a decrease in iron concentration in the region measured. From the difference in the coloring of the background level between the as-grown maps and the phosphorus-diffused maps in Figure 2 , it appears that in all cases the phosphorus diffusion step reduces the level of iron in these samples.
To further quantify the changes in distribution of ironrich precipitates in each sample, the size of each precipitate in Figure 2 was estimated using an automated routine to identify iron-rich precipitates from pixels containing iron concentrations more than three standard deviations above the average background level. An effective precipitate radius was calculated from the concentration maps assuming all iron atoms within high-Fe pixels could be attributed to a single spherical b-FeSi 2 precipitate located at the surface of the sample. Similarly, for the FeþCu contaminated sample, high-Cu pixels were attributed to Cu 3 Si precipitates. Further details on the l-XRF data analysis and the extraction of precipitate distributions can be found in Ref. 29 .
The resulting precipitate size distributions are shown for each sample in the AG state and after PDG in Figure 3 . In some cases, the PDG l-XRF map was larger with respect to the AG map in order to be sure to capture the same region of interest for the direct comparison above. In an effort to include all available data, in Figure 3 , all measured precipitates are shown, including those from the PDG maps outside the region shown in Figure 2 .
The shift toward smaller precipitate sizes after phosphorus diffusion is clear in Figure 3 , where each point represents one precipitate. In each sample, all distribution parameters are smaller after phosphorus diffusion relative to the asgrown state, as revealed by comparison of the distribution boxplots to the right of the data.
It is important to note that the cross at the bottom of each distribution in Figure 2 represents the limit beyond which precipitates could not be distinguished from the background level of the map. Due to higher levels of iron measured in the as-grown samples, the background level is higher, perhaps excluding existing smaller precipitates from inclusion in the distribution parameter estimates. However, as mentioned above, many of the precipitates can be clearly, uniquely identified before and after diffusion such that small precipitates omitted from the as-grown distributions should be similarly excluded from the phosphorus-diffused distribution analysis.
In addition to the size distribution, the linear density of precipitates at each GB can be extracted from the l-XRF maps before and after gettering and is shown in Table I for all samples in this study. In addition to a reduction in precipitate sizes, the density of precipitates decreases in all cases after PDG.
Three particles in the 920 C sample, labeled 1, 2, and 3 in order from largest to smallest in Figure 2 , are among the many precipitates identified as the same particle before and after gettering. Their sizes before and after gettering are shown using arrows to guide the eye in Figure 3 . From the analysis of Figure 3 , it is seen that all three precipitates decrease in size dramatically, on a scale approaching an order of magnitude.
To support this automated analysis drawn from the slightly undersampled 220 nm pixel maps of Figure 2 (full width at half maximum, FWHM $200 nm), 100 nm pixel maps of these three particles were taken and are shown in Figure 4 . In the oversampled (100 nm step size) particle maps in Figure 4 , the peak concentrations measured at each particle (listed in Table II ) are generally higher than in the larger-area maps sampled at 220 nm, readily expected since the precipitates are uniformly smaller than the beam FWHM. The trend from these oversampled maps is consistent with the analysis of Figure 3 , which uses slightly undersampled data.
Despite the undersampling for the data of Figure 3 , the trend of decreased precipitate size after phosphorus diffusion is uniformly consistent across all precipitates, even though the measurements were from two separate synchrotron runs. Figures 2 and 3 , from the 920 C sample before and after gettering. The number of iron atoms in each precipitate is reduced significantly.
The random repositioning of the <50 nm precipitate within the 200 nm FWHM beam spot during the post-gettering measurement could lead to a run-to-run intensity variation of a particular precipitate of approximately a factor of 2. Yet, no case of precipitate size increase after diffusion is observed, indicating that we are most likely underestimating the overall precipitate size reduction, by up to a factor of 2. This underestimation should be uniform in all samples due to its random nature. In short, Figure 3 should be viewed as a conservative estimate of iron reduction.
Because not all precipitates could be investigated at the highest resolution due to simple experimental time constraints, a comparison of precipitate size before and after gettering was performed using the data of Figure 3 for all precipitates that were definitively identified from Figure 2 before and after gettering. The results of this precipitate-byprecipitate size reduction analysis are shown in Figure 5 in terms of the percent reduction observed for the three Fecontaminated samples processed at different diffusion temperatures (820, 870, and 920 C). Each point in the figure represents the reduction in size of a single precipitate after gettering. Notably, the median precipitate size reduction increases for higher temperatures, as can be seen from the boxplots to the right of the data for each sample which again show the quartiles of the distribution. While the increase in median size reduction with increasing temperature is small, and a strong reduction is seen for each temperature, the 920 C sample also exhibits no precipitates with less than $60% size reduction.
Almost all of the precipitates in the fourth Fe synchrotron sample, with the N 2 pre-anneal at 920 C, were impossible to identify definitively as the same precipitate before and after gettering, mostly due to small changes in their relative positions and sizes. While preventing the same precipitate reduction analysis for the sample as in Figure 5 , this difficulty in establishing congruency in the precipitates before and after high-temperature processing is in accordance with the hypothesis that a high-temperature pre-annealing step before gettering can be useful for homogenization.
To establish whether the differences in precipitate size reduction seen in Figure 5 are meaningful, pair-wise nonparametric rank-sum tests were conducted. 30 The resulting p-values are reported in Table III . As can be seen from the table, the difference between the 920 C and 820 C distributions is highly significant, while the comparison between the 920 C and 870 C samples is also significant at the 0.05 level. The difference in precipitate size reduction between the 870 C and 820 C samples is significant only at the 0.065 level. Note that the p-values reported have no multiplecomparison adjustments, though a typical Holm-Bonferroni correction does not change the conclusions of the tests. 31 Thus, we conclude that the higher-temperature gettering processes employed here reduce iron-rich precipitate sizes more than the baseline 820 C process.
B. Fe1Cu contaminated synchrotron sample
In addition to the Fe-contaminated samples above, a single FeþCu contaminated sample, processed using an 870 C phosphorus diffusion, was measured as an initial investigation into co-contamination effects. The resulting l-XRF maps of the Fe and Cu distributions are shown on the same concentration scale before and after gettering in Figure 6(a) .
In the as-grown maps, one can see that all Fe and Cu precipitates are co-located and appear generally smaller than those seen in the Fe-only samples. In addition, in the Cu asgrown map, the position of the grain boundary is indicated by the line running across the map leading to contrast between the upper 80% of the map and the bottom 20%. A small amount of the elastically scattered beam affects the Cu map because the 10 keV beam is close in energy to the Cu K a radiation at 8047.78 eV. The contrast stems from a difference in elastic scattering between the two grains within the limited solid angle of the detector, appearing here due to a favorable positioning of the sample with respect to the detector. After phosphorus diffusion, some faint Fe-rich precipitates remain. Note that the concentration scale is shifted toward slightly smaller values than in Figure 2 in order to image these faint Fe precipitates. While some Fe remains, no Cu precipitates are immediately observable after gettering. Although the background level in the Cu XRF map after gettering is higher than for Fe, it is expected that this background level reflects some bleed-in from the 10 keV elastically-scattered beam rather than a uniform Cu concentration (which would be above 10 16 atom/cm 3 and would limit the lifetime to <1 ls (Ref. 32)). atoms/precipitate in the Fe-only samples. Interestingly, after gettering, the background level for Fe is also particularly low in the FeþCu sample, allowing for detection of smaller precipitates than in the Fe-only samples. Again, the lower background level may be a secondary indication of effective removal of total iron concentration. The automated analysis also reveals no copper-rich precipitates above the background level after gettering.
C. Lifetime measurements
To test the hypothesis that precipitated metal reduction is associated with improved carrier lifetime, lifetime measurements were taken on a stack of sister wafers neighboring those studied by l-XRF and processed with the same diffusion profiles.
First, we measured the as-grown lifetimes to assess the impact of the metal contamination. As-grown l-PCD lifetime measurements were performed on three samples from similar ingot heights: Fe contaminated, FeþCu contaminated, and also just Cu contaminated (also contaminated in the melt by 20 ppma Cu for comparison). The as-grown lifetime maps for these three different contaminations are shown in Figure 7 . Comparing the Fe and FeþCu contaminated wafers to the Cu contaminated wafer, the lifetime measurements reveal that the as-grown lifetimes in these wafers are dominated by iron, since the as-grown lifetimes in the Cu only wafer are much higher. Lifetimes in the iron-limited wafers are below $3 ls, which is also typical of material originating from the red zone of ingots. The remainder of the lifetime measurements focuses on how processing affects these iron-limited wafers.
The spatially resolved lifetime maps of the sister samples after phosphorus diffusion are shown in Figure 8 for (a)-(d) the Fe-contaminated ingot and (e)-(h) the FeþCu contaminated ingot, while the area-averaged results are summarized in Table IV . Both the arithmetic average and the harmonic average are included, as the harmonic average is a better The lifetime improves significantly in many regions of the sister wafers when moving to higher temperature diffusions. A pre-diffusion step at 920 C followed by an 820 C diffusion is seen in (h) to achieve similar lifetimes as the 920 C diffusion (g) for the FeþCu contaminated samples. For the Fe-only samples, the highest lifetimes in the pre-annealed sample (d) are lower with respect to the higher-temperature P-diffusions (b) and (c), though homogeneity is improved. TABLE IV. Averaged l-PCD lifetime measurements on sister samples, processed by different phosphorus diffusions. The arithmetic and harmonic average lifetimes are calculated to weight the heterogeneity of the distribution. Also included are the sheet resistance measurements made on the Cz samples included in each of the diffusions.
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Lifetime (ls) 820 C 870 C 920 C 920 C/820 C Fe As-grown 0.68 6 0. the sample, the lifetime is seen to be lower in (c) than in (b). The map of lifetime (d) after the 920 C pre-anneal followed by an 820 C P-diffusion yields markedly different results from any of the standard diffusions. In (d), the lifetime distribution is narrower, supporting the idea of the preanneal as a homogenization step, though the highest lifetimes of the higher-temperature diffusions of (b) and (c) are not achieved. Still, the lifetime distribution is shifted to significantly higher values with respect to (a) the 820 C standard P-diffusion, even though the POCl 3 process occurs at the same temperature.
In the FeþCu samples, a similar pattern emerges comparing the lifetime results after processing. The lifetime steadily improves in the right hand portion of the sample by increasing the gettering temperature successively from (e) 820 C to (f) 870 C to (g) 920 C. The improvement of (g) 920 C gettering over (f) 870 C gettering in this region appears less than that by moving to 870 C over (e) 820 C. The center of the samples does not improve dramatically in any process. In contrast to the Fe-only sample, the lifetime spatial distribution after the 920 C pre-anneal in the FeþCu sample (h) compares quite closely with the spatial distribution in the other sisters (e)-(g). Once again, though, the lifetimes are significantly higher in (h) the pre-annealed sample with respect to (e) the 820 C standard diffusion despite the same P-diffusion temperature.
The lowest lifetime areas after gettering are consistent across the Fe-only sisters (a)-(d) and, separately, across the FeþCu sisters (e)-(h), indicating that in these regions certain defects persist despite the different gettering processes.
IV. DISCUSSION
A. Iron-contaminated material
The principal hypothesis of this work is that higher processing temperatures offer a path to improve material quality in iron-limited materials through increased extraction of precipitated metals during the phosphorus diffusion gettering process. By accelerating the external gettering process, highertemperature processing should improve bulk lifetime and allow for acceptable device efficiency even from degraded as-grown materials. Attacking total metal concentrations can also be vital to device performance outside of the impact on lifetime.
Precipitates have shown to lead to early breakdown and shunting, which must be avoided for long module lifetimes. 34, 35 The improved gettering of precipitated metals with increasing processing temperature seen herein with synchrotron-based l-XRF measurements supports the stated hypothesis. Using a set of sister samples subjected to increasing processing temperatures and measured before and after gettering, we confirm on the microscopic scale that increasing temperature results in enhanced iron-rich precipitate size reduction (Figures 2-5) . The largest median precipitate size reduction of over 90% occurs in the sample gettered at 920 C. In correspondence with this improved precipitate size reduction at higher temperatures, lifetime increases in most areas of the metal-contaminated samples (Figure 8) , with nearly 80% higher average arithmetic lifetimes seen in both the 870 C and 920 C Fe-contaminated samples, though the final harmonic lifetime is highest after 870 C gettering.
The largest relative lifetime improvements by moving to higher temperatures are seen in Fe-contaminated samples. In fact, the absolute improvement in lifetime between the higher temperature gettering steps and the baseline 820 C gettering process (8.6 and 7.6 ls for the 920 C and 870 C P-diffusions, respectively) is almost as large as the difference between the 820 C gettered lifetime and the as-grown lifetime (9.6 ls).
In general, when cooling from higher-temperature anneals, care must be taken to avoid "poisoning" the wafer with iron point defects. Fast cools have been shown to "lock in" high concentrations of iron point defects, sharply reducing lifetime. In industrial production, it is common practice to pull wafers from the furnace at high temperatures, effectively quenching in high-temperature impurity distributions. A modified cooling treatment may be necessary to adapt higher-temperature anneals in practice, and to avoid low lifetimes reported in previous studies. 20, 21 In the above experiments, process time has been held constant to isolate the effect of temperature. Other possible constraints, such as the sheet resistance of the emitter, have been relaxed, although all diffusions here achieved a surface phosphorus concentration above the electrically active limit of $3 Â 10 20 atoms/cm 3 , 36 which should mean that both segregation and relaxation gettering mechanisms are active in all samples. 37 In general, a lower sheet resistance does not necessarily imply better gettering. This is in part because the emitter sheet resistance is dominated by the depth of the high-concentration plateau in the kink-and-tail profile. 38 Iron profiles are generally seen to be confined to a region very near the surface that is much narrower than the high-concentration plateau even for extended gettering steps that result in lower sheet resistance (see, e.g., Ref. 39) . Rather than strictly depending on the emitter sheet resistance, gettering efficacy depends strongly on the exact nature of the time-temperature profile.
Extending gettering time and increasing gettering temperature are two ways to achieve a longer diffusion length of iron during processing, but an increase in temperature rather than time is more powerful because of the Arrhenius relationship of iron diffusivity. Iron solubility also has an Arrhenius form, and so precipitate dissolution should be markedly higher with higher temperatures. Demonstrating the impact of the kinetics, we have shown that for approximately the same process throughput we can reduce the precipitated iron concentration after higher-temperature gettering, and we correlate this reduction with improved lifetime.
A heavier phosphorus diffusion is produced, but the etch back of a strongly diffused emitter has already been achieved for selective-emitter designs. [40] [41] [42] Such processes could potentially be applied to produce uniformly better blue response for an industrial emitter after a heavy diffusion aimed at gettering precipitated iron.
B. Co-contamination effects (Fe1Cu)
In the FeþCu co-contaminated synchrotron sample, the as-grown distribution of precipitates is shifted toward smaller sizes. Previously, mixed-metal silicides have been observed, 43, 44 but limited solubility of one element in the others' silicide often results in two co-located precipitates. 4 Such precipitates are predominantly a single metal, justifying our approximation of independent spherical precipitates of each metal type for analyzing size distributions in the FeþCu l-XRF map. Still, interactions between the precipitating species appear important in explaining the smaller measured as-grown distribution. Copper has a large energy barrier to nucleation in silicon, 45 but with co-precipitation a reduction in this barrier may explain the more widespread precipitation seen here in the CuþFe sample relative to the Fe only samples.
The change in the iron distribution after 870 C PDG is also more significant in the FeþCu sample than in the Feonly contaminated sample, as there is no overlap in the distribution parameters before and after gettering in the FeþCu sample ( Figure 6 ). Two effects may explain this more significant extraction of precipitated metals. First, for a given gettering temperature, smaller precipitate sizes should result in improved gettering due to faster kinetics. 46 Second, reversing the apparently enhanced co-precipitation process, during gettering as the solubility rises with temperature dissolving Cu 3 Si precipitates may create a high local concentration of vacancies, speeding FeSi 2 precipitate dissolution.
Ultimately, higher post-gettered lifetimes are measured in the FeþCu samples compared to the Fe contaminated samples irrespective of the process, despite higher initial total metal concentrations in the FeþCu wafers. However, the relative lifetime increase resulting from high-temperature annealing appears less impressive in the FeþCu materials tested, which have smaller (or undetectable) iron-rich precipitates. In such co-contaminated material, higher-temperature annealing appears to have less of a beneficial effect on lifetime improvement, since lower-temperature POCl 3 appears to satisfactorily remediate precipitated iron.
C. Homogenization pre-annealing
As a possible alternative to higher P-diffusion temperatures in metal-contaminated samples that maintains a sheet resistance appropriate for devices, a pre-anneal in nitrogen at temperatures higher than a subsequent P-diffusion is seen here to improve lifetime over a baseline process, confirming previous results. 18, 24 Little internal or external gettering is observed for high-iron wafers processed solely in an N 2 environment, 47 as anneals in N 2 should have no strong driving force for a unidirectional flux to the surface. Instead, largely isotropic dissolution/diffusion should occur at process temperature, resulting potentially in homogenization. Along these lines, in the pre-annealed sample here, the position of the precipitates after the pre-annealing and diffusion is similar to but not exactly the same as the as-grown distribution. A similar pattern of dissolution and reprecipitation at almost identical, but slightly differing sites was seen by in-situ l-XRF measurements during heating and cooling of a Ni-contaminated Cz sample with precipitation occurring at bulk microdefects. 48 In addition to the slightly differing precipitate positions in the pre-annealed sample, from our l-XRF measurements, we conclude that it appears there is a significant decrease in total metal concentration during the two-step 920 C N 2 /820 C P-diffusion process. The changes in the precipitated iron distribution after two-step treatment appears closest to the corresponding results from the 870 C P-diffusion and improved over the baseline 820 C P-diffusion.
The resulting arithmetic average lifetime in the Fecontaminated sample after the two-step treatment is lower than the average lifetime for the 870 C and 920 C processes, largely because the lifetime distribution does not have the same high-lifetime tail as the 870 C and 920 C samples. Because of improved homogeneity over the 920 C sample, however, when considering the harmonic average lifetime, the two-step process is second only to the 870 C P-diffusion.
V. CONCLUSION
In this contribution, synchrotron-based l-XRF provides a microscopic assessment of the effect of gettering temperature on precipitate size reduction. We analyze the precipitate size distribution in the 2D spatial maps to quantify process comparisons statistically. By rigorously measuring the same precipitates before and after high temperature processing, we confirm that higher-temperature diffusions successfully extract a greater fraction of the precipitated metal content. Lifetime mappings on a macroscopic scale of neighboring samples relate this reduction in precipitated metal content to significant improved lifetime in iron-dominated samples.
When considering the design of a gettering process, it is critical to assess what defect limits lifetime in that material. If the limiting defect is iron, precipitate dissolution and bulk iron removal increases markedly moving to higher temperatures, demonstrated directly using l-XRF measurements herein. Notably, when moving to higher processing temperatures, the interstitial iron concentration may be relatively higher at the start of the cooldown from diffusion temperature due to the higher solubility. This high interstitial concentration requires further defect engineering during cooling and subsequent metallization, such as slow-cooling or lowtemperature annealing. Nonetheless, higher processing temperatures may be one of the few ways to circumvent higher contamination levels using process control to achieve dramatically improved lifetimes that enable quality cell efficiencies.
Homogenization pre-annealing may also prove a useful industrial process near-term since little is required for implementation, though benefits may be limited in comparison with high-temperature P-diffusion. A combination of preannealing and moderately elevated phosphorus diffusion may prove most beneficial. A large parameter space remains open here for exploration of such combined process optimization.
